We present a novel dark matter candidate, an Elastically Decoupling Relic (ELDER), which is a cold thermal relic whose present abundance is determined by the cross-section of its elastic scattering on Standard Model particles. The dark matter candidate is predicted to have a mass ranging from a few to a few hundred MeV, and an elastic scattering cross-section with electrons, photons and/or neutrinos in the 10 3 − 1 fb range.
INTRODUCTION
It has now been firmly established that the Standard Model (SM) of particle physics must be extended to include new particle(s) to account for the observed dark matter (DM). Many of the proposed dark matter candidates fall into a broad category of thermal relics, particles which were in thermal equilibrium with the hot SM particle plasma at some point in the early universe, and subsequently "froze out" as the universe expanded and cooled [1] . An attractive feature of this framework is its predictive power: the current abundance of the DM χ can be related to its microscopic properties, such as its mass and interaction cross sections.
The type of interactions which determine the χ relic abundance can vary. The following three reactions will play a major role in the analysis of this paper:
• Elastic Scattering: χ+SM ↔ χ+SM, where "SM" stands for any of the known Standard Model particles.
• Annihilation: χ + χ ↔ SM+SM.
• Self-Annihilation: χχ ↔ n χ . . . χ, with n ≥ 3. (Specifically, we will focus on the case n = 3.)
In the popular weakly-coupled massive particle (WIMP) paradigm, the relic abundance is entirely determined by the annihilation process. An alternative paradigm of self-interacting dark matter relies instead on selfannihilation [2] . Unfortunately, the dark matter predicted by this scheme is too light ( 100 eV) to be consistent with the observed large-scale structure [2, 3] . Recently, an interesting variation has been proposed, dubbed the strongly interacting massive particle or SIMP [4, 5] (for extensions and variations, see [6] [7] [8] [9] [10] ). In this model, the relic abundance is still set by selfannihilation, but the elastic scattering process is strong enough to sustain the thermal equilibrium between the SM and DM sectors until freeze-out occurs. In this case, the dark matter mass consistent with cosmological data is between an MeV and a GeV.
In these and all other known examples, the DM relic abundance is set by processes that change the χ particle number. In this Letter, we present a novel scenario in which the dark matter relic density is determined almost exclusively by the decoupling of the elastic scattering. We will refer to the dark matter candidate in this scenario as "ELastically DEcoupling Relic", or EL-DER. In a nutshell, the scenario works as follows. At high temperatures, when χ is relativistic, it is in thermal and chemical equilibrium with the SM plasma. As the universe cools to temperatures below the χ mass, the χ equilibrium density drops exponentially, and the annihilation process quickly decouples. (This feature is the same as in the SIMP scenario.) The self-annihilation and elastic scattering processes are still active, and maintain thermal and chemical equilibrium (with zero chemical potential) between the two sectors. In the ELDER scenario, the elastic scattering decouples first, while the self-annihilation process is still active. (This is in contrast to the SIMP case [4] , where the self-annihilation process is the first one to decouple.) After the decoupling of elastic scattering, the dark matter sector enters the socalled "cannibalization" epoch [2] , in which the energy released by self-annihilation keeps it at an approximately constant temperature, even as the universe continues to expand. Eventually, the self-annihilation process also decouples, at which point the comoving number density of χ is frozen. The near-constant temperature (and therefore density) of the DM in the cannibalization epoch means that the relic abundance of dark matter observed today is almost entirely fixed by the density of χ's at the beginning of this epoch, which in turn is fixed by the size of the elastic scattering cross section.
We study the scenario outlined above using both simple estimates and detailed numerical solutions of the Boltzmann equations. We find that the observed dark matter abundance can be reproduced, and all theoretical and observational constraints can be satisfied, for χ masses between a few and a few hundred MeV, while the cross-section of elastic scattering between DM and SM particles (electrons, photons, and/or neutrinos) is of the order of 10 −3 − 1 fb in the non-relativistic limit. DM candidates with such properties arise in simple and attractive theoretical extensions of the SM: for example, a hidden-sector DM can interact with the SM sector via a TeV-scale Z with order-one gauge couplings to both secarXiv:1512.04545v1 [hep-ph] 14 Dec 2015 tors, or via a relatively light (0.01 − 1 GeV) dark photon with a kinetic mixing parameter ∼ 10 −8 [11] .
THE ELASTICALLY DECOUPLING THERMAL RELIC
The thermal history of the ELDER is summarized in Fig. 1 . At high temperatures, when χ is relativistic, it maintains thermal and chemical equilibrium with the SM plasma. As the universe cools, the temperature drops below the χ mass, and the subsequent thermal history is marked by two important events. First is "decoupling", when the rate of elastic scattering becomes insufficient to maintain the DM and SM sectors in thermal contact. Second is "freeze-out", at which point the rate of self-annihilation becomes insufficient to maintain chemical equilibrium in the DM sector, and the comoving dark matter density is frozen. Between these two events, chemical equilibrium within the DM sector are still maintained by self-annihilations, but the DM temperature T is no longer equal to the SM temperature T . In this regime, the DM gas undergoes "cannibalization": 3 → 2 self-annihilations decrease the number density, but at the same time inject kinetic energy into the remaining gas. As the DM gas cannot exchange entropy with the SM sector at this time, its comoving entropy density is constant as the universe expands:
where a ∝ T −1 is the FRW scale-factor. As a result, T decreases much slower than T as the universe expands:
where x d ≡ m χ /T d and T d is temperature at which (elastic) decoupling occurs. The comoving DM number density, plotted in Fig. 1 , changes very slowly during the cannibalization regime. Let T f denote the DM temperature at freeze-out. Since the comoving entropies of the DM and SM sectors are separately conserved in the cannibalization epoch, the DM number density at freeze-out is given by
where x f = m χ /T f , s d and s d are the entropy densities of the SM and DM sectors at decoupling, and s f and s f are the same quantities at freeze-out. The DM number density today is where s 0 is the current entropy density. Since the dark matter is non-relativistic at T d ,
where ρ c is the critical density (s 0 /ρ c ≈ 0.60 eV −1 ), g χ is the number of degrees of freedom in the χ field (e.g. 2 for complex scalar and 4 for Dirac fermion), and g * d is the effective number of relativistic SM degrees of freedom at decoupling. Hence, the relic abundance is exponentially sensitive to the temperature at which the elastic scattering processes decouple.
In order to determine the temperatures at decoupling, x d , and at freeze-out, x f , we parametrize the elastic scattering and self-annihilation cross-sections in the nonrelativistic limit as
where σ el is the cross-section of elastic scattering, averaged over SM species that are relativistic at T ∼ m χ . At T < m χ , the equilibrium density of DM particles drops exponentially as n eq χ ∼ (m χ T ) 3/2 e −mχ/T . The self-annihilation process which maintains chemical equilibrium in the DM gas releases kinetic energy, at a perparticle rate oḟ
Elastic scattering processes transfer this excess kinetic energy to the SM gas at a ratė
where Γ el = n SM σ el v is the rate at which each χ scatters elastically off the SM gas. The decoupling occurs when the DM-to-SM energy transfer can no longer keep up with the kinetic energy production; equating Eq. (7) with Eq. (8),
Pl .
Freeze-out occurs when the rate of self-annihilations is no longer sufficient to maintain chemical equilibrium, (n eq χ ) 2 σ 3→2 v χ ∼ṅ eq χ /n eq χ , which yields
For DM mass in the MeV−GeV range, the relic density can be conveniently approximated as
where −9 ≡ /10 −9 and m MeV ≡ m χ /(1 MeV). As emphasized in the Introduction, the relic density is controlled by the strength of the elastic scattering, , with only weak, logarithmic, dependence on the strength of the number-changing self-annihilation process α. This is the unique feature of the ELDER scenario.
The ELDER mechanism is only possible if the selfannihilation process maintains the DM gas in chemical equilibrium until at least the temperature T d , requiring
Numerical solutions to the Boltzmann equations (see below) indicate that Eq. (12) somewhat underestimates the lower bound of the "pure ELDER" region: for α a few × α min , both self-annihilation and elastic scattering are important. For even lower α, freeze-out occurs before the elastic scattering decouples; this is precisely the SIMP scenario of [4, 5] . Together with perturbativity and unitarity constraints on the self-annihilation cross section, which can be estimated as α 4π, this bound imposes an upper bound on the DM mass. For a "pure ELDER," this implies m χ 100 MeV. A lower bound of m χ a few MeV is imposed by observational constraints, see below. In the allowed mass range, the correct relic density is obtained for ranging between 10 −9 and 10 −7 , while α ∼ 10 −2 − 10. A potential concern in the elastic decoupling scenario is its naturalness: if small changes in lead to huge changes in the relic density, it would be difficult to conceive of a reason why Ω χ ∼ 1 in the observed universe. To quantify this issue, we estimate An order-of-magnitude change in the relic density requires a 20 − 30% change in . We conclude that only a mild amount of tuning is required to obtain Ω χ ∼ 1.
THE BOLTZMANN EQUATIONS
The starting point of the analysis is the microscopic Boltzmann equation for the phase-space density of the DM particle χ, with collision terms describing elastic scattering, χγ → χγ; annihilation χχ ↔ γγ; and selfannihilation χχ ↔ χχχ. (For concreteness, we assume that the dominant DM coupling to the SM is via photons; couplings to e ± or ν would produce similar results.) Since the χ velocities follow thermal distribution at all times, the microscopic Boltzmann equation reduces to two integro-differential equations for the DM number density n χ (t),
and energy density ρ χ (t),
where
Here, the dots denote the annihilation terms; these are unimportant in the ELDER regime, but are nevertheless fully included in the numerical analysis, as will be described in detail in Ref. [11] .
The numerical solution for the evolution of the DM yield, Y χ ≡ n χ /s, in the ELDER scenario is shown in Fig. 1 . The three stages of the DM evolution (thermal equilibrium with the SM, cannibalization, and freeze-out) are clearly visible. The yield evolves very slowly in the cannibalization stage, due to slow evolution of the DM temperature (for the parameters in Fig. 1, T 
As a result, the final DM abundance is approximately independent of when freeze-out occurs, and hence of the self-annihilation cross-section.
This feature is further illustrated in Fig. 2 , which shows the regions of parameter space where the observed DM density is reproduced. For fixed m χ , the ELDER scenario corresponds to the narrow vertical region of approximately constant , while α can take any value above a certain lower cutoff; these features are consistent with the estimates in Eqs. (11) and (12) . For smaller values of α, self-annihilations freeze out before elastic scattering decouples, and the relic density is fixed by the strength of the self-annihilation process, α, and is independent of as long as it is large enough. The resulting horizontal region corresponds precisely to the SIMP scenario proposed in [4] . Finally, if becomes too large, annihilations become important, and since controls the annihilation cross-section, another vertical region occurs. This corresponds to the canonical WIMP scenario (or the "WIMPless" regime [12] ). The numerical study clearly establishes the presence of the novel elastic decoupling scenario. In addition, it establishes precise boundaries of the different regimes, and traces out in detail the transition regions where two types of interactions play an equally important role in setting the relic density.
CONSTRAINTS
Since ELDER dark matter has mass and coupling strengths similar to the case of SIMPs, the same set of observational constraints is relevant for both scenarios. The strongest constraints on the strength of the χ interactions with the SM are summarized in Fig. 3 .
In the relevant range of , the reaction γγ → χχ in the core of the supernova SN1987A would lead to energy loss rate inconsistent with observations, unless the produced χ particles become trapped in the core [13] [14] [15] [16] . Since trapping is due to elastic scattering of χ on photons in the supernova core, this constraint places a lower bound on . The value predicted by the ELDER scenario satisfies this bound throughout the relevant mass range. The bound can be further weakened if χ couples to e − or ν instead of γ, as their higher density in the supernova core implies a smaller mean free path for the same value of .
Cosmic Microwave Background (CMB) measurements limit the rate of DM annihilation into SM particles before recombination, which can distort the energy spectrum of the CMB [17] [18] [19] . In our case, the relevant process is χχ → γγ. The cross-section of this process in the nonrelativistic regime is obtained from Eq. (6), which implies that annihilation occurs in s-wave. The WMAP results [20] place an upper bound on shown in Fig. 3 . Again, the coupling predicted by the ELDER scenario is consistent with this bound. Null results of searches for anomalous high-energy photons from dark matter annihilation in the Milky Way or its dwarf satellites can also be used to place an upper bound on [21] . The bound is similar to the one implied by the WMAP data, and we do not show it in Fig. 3 . Note that if χχ → γγ annihilation occurred in p-wave instead, the cross-sections relevant for both CMB and indirect searches would be severely suppressed relative to that at the time of dark matter decoupling, due to lower χ velocities, and the bounds would be even weaker. These bounds would also be completely eliminated if χ couples only to neutrinos.
If the ELDER decoupling occurs after the neutrinos are decoupled from the SM plasma, it can affect the temperature ratio T ν /T γ , resulting in a non-standard value of N ν eff measured in CMB observations. This places a lower bound on the DM mass of a few MeV, with the exact number depending on g χ : for example, m χ > ∼ 6.5 MeV for a complex scalar χ coupled only to γ [22] . This bound can be avoided if χ is coupled to both ν and e/γ, since in this case reheating due to ELDER decoupling does not change the ratio T ν /T γ . (The region m χ < ∼ 1 MeV is also constrained by the Big Bang Nucleosynthesis bound on the number of relativistic degrees of free-dom.) In summary, the ELDER scenario is consistent with all constraints provided that m χ > ∼ a few MeV, even with the most stringent interpretation of the observational bounds.
If the DM couples to electrons, additional signatures arise in direct detection experiments searching for electron recoils [23] , as well as collider searches for e + e − → χχγ [24] [25] [26] . Current direct-detection bounds from XENON10 [27] are not yet sensitive to in the range predicted by the ELDER scenario, while the collider bounds from LEP-2 depend strongly on the mass of the particle mediating the DM-SM scattering, and cannot be used to put robust constrains on . Interestingly, proposed dedicated germanium or silicon-based electron-recoil direct detection experiments [28] and superconducting detectors [29] may have the sensitivity to directly probe the ELDER scenario.
Finally, the strong 3 → 2 self-annihilations required in the ELDER scenario generically imply a large contribution to χχ → χχ elastic self-scattering. The elastic self-scattering cross-section at low velocities, v χ ∼ 10 −3 , is constrained by observations of the Bullet Cluster [30] [31] [32] and halo shapes [33] [34] [35] :
Note that a self-scattering cross section in the 0.1 − 1 cm 2 /g range [33] [34] [35] [36] , consistent with this bound, could reconcile the N-body simulation results with the observed small-scale structure, providing an additional motivation for self-interacting DM candidates (see for instance, [38] [39] [40] [41] ). The precise relation between the elastic self-scattering and self-annihilation cross-sections is model-dependent. Generically, one might expect that
where a is an order-one constant. Consistency of the ELDER scenario with the bound of Eq. (17) requires a < ∼ 0.01 − 0.1 (depending on m χ ). However, if the selfannihilation and self-scattering cross-sections both vanish at threshold, and are therefore velocity suppressed, these bounds may be alleviated [11] .
